Oxygen concentration regulates the expression of nitrogen fixation genes in the symbiotic bacterium Rhizobium meliloti. We demonstrate that two proteins, FixL and FixJ, that belong to the two-component family of regulatory proteins are necessary and sufficient for oxygen-regulated in vitro transcription of the two key regulatory genes, nifA and fixK. We show directly that FixJ is a transcriptional activator, working in conjunction with the RNA polymerase sigma 70 holoenzyme. Addition of FixL122, a soluble form of the sensor FixL protein, to the transcription assay enhanced FixJ transcriptional activity in response to low oxygen concentration. This enhancement of FixJ activity was correlated with FixJ phosphorylation.
Regulation of gene expression in response to signal molecules is a major biological property of eukaryotic and prokaryotic cells by which they continuously adapt to their environment. In the simplest situation, the signal molecule is an effector which interacts directly with a protein that regulates gene expression, as exemplified by the induction of the lac operon (25) or the steroid hormone activation of gene expression (6) . In many other cases, the signal molecules interact with protein receptors, thus generating a secondary signal which is relayed to the regulator, very often by means of phosphotransfer (7, 9, 18) . Prokaryotic two-component regulatory proteins are involved in signal transduction pathways which fall into the latter class (26) .
In the symbiotic bacterium Rhizobium meliloti, nitrogen fixation genes (nif and fix) are expressed either in symbiotic conditions inside the host plant or in microaerobic bacterial cultures (10, 13) . Genetic analysis established that two transcriptional regulators, NifA and FixK, activate the expression of the nif and fix regulons, respectively. nifA and flxK expression is induced in microaerobic or symbiotic conditions under the control of the pair of regulatory genes fixL and fi (3, 10) .
The FixL and FixJ proteins belong to the two-component regulatory systems. FixL shares homology with the carboxyterminal domain of the receptor components (the transmitter domain), and FixJ carries the amino-terminal receiver domain characteristic of the regulator components (10, 26) .
We demonstrated that overproduced FixJ, in the absence of FixL, is able to activate nifA and fixK expression irrespective of the oxygen status of the culture in the heterologous host Escherichia coli (17) . FixL modulates this expression in response to oxygen (11) . To pJMR plasmids are derivatives of plasmid pTE103 (14) , which contains the multiple cloning site from pUC8 positioned between the RNAI terminator and a strong rho-independent terminator from bacteriophage T7. pJMR300 carrying the fixK promoter was constructed by excising the 795-bp EcoRIBamHI fragment from pJJ5 (3) and ligating it into the EcoRI and BamHI sites of pTE103. In this plasmid, the transcription initiation site, as previously defined (3), is positioned ca. 370 bp upstream from the T7 terminator. The 325-bp HindIII-BamHI fragment from pCHK57 (13) , containing the nifA promoter, was end filled by using the Klenow fragment of E. coli DNA polymerase and inserted into HincIl-digested pTE103. The plasmid which allowed nifA transcription toward the T7 terminator was called pJMR400. In pJMR400, the nifA transcription initiation site is positioned ca. 495 bp upstream from the T7 terminator. pJMR500, carrying the lacUV5 promoter, was constructed by ligating a 95-bp EcoRI-BamHI fragment from pRS229 (29) (17) .
this hypothesis, we cloned the nifA and fixK promoter regions on plasmid pTE1O3 (Fig. 1) Fig. 2A) . Such a secondary transcript was also observed with the constitutive lacUV5 promoter (Fig. 2A, When, prior to a single round anaerobic transcription experiment, FixJ was incubated in the presence of pure FixL122 protein and ATP in anaerobic conditions, transcription of fixK and nifA could be observed (Fig. 3B and C) . At the same concentrations of FixJ, 7.5 F.M for fixK and 1.5 p.M for nifA, very little transcription of fixK and no transcription ofnifA could be detected when incubation and transcription were performed in aerobic conditions or anaerobically in the absence of FixLl22 (Fig. 3B and C) . Because of altered experimental conditions in this assay (see Materials and Methods), the secondary transcript was more abundant than in the usual transcription assay. This was also observed for the lacUV5 control promoter (data not shown).
Phosphorylation stimulates FixJ transcriptional activity. It had been previously shown that anaerobiosis results in increased FixL-dependent FixJ phosphorylation (4, 21) . The in vitro transcription assay allowed us to test whether this phosphotransfer was involved in the transduction of the lowoxygen-concentration signal to the transcriptional apparatus. In the experiment described above, phosphorylation analysis of FixL122 and FixJ proteins prior to the in vitro transcription step indeed showed that anaerobic conditions resulted in an increased level of FixJ phosphorylation (Fig. 3A) . Furthermore, no stimulation of fixK transcription was observed anaerobically when ATP was omitted during the preincubation step of FixJ with FixLl22 (data not shown).
Acetyl phosphate has been shown to act as a phosphate donor for several regulator proteins of the two-component family (15, 22) . By 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 dramatic increase in FixJ transcriptional activity. Half-maximum expression of fixK was reached at a FixJ concentration of 2.5 ,uM, compared with 100 ,uM in the absence of acetyl phosphate (Fig. 4B, lanes 3 and 6) . Similar results were obtained with the nifA promoter (data not shown). We further observed that acetyl phosphate promoted both FixJ phosphorylation and FixJ transcriptional activity in a Mg2'-dependent manner (Fig. 4A, lane 4; Fig. 4B, lane 9) . This finding provided strong evidence that FixJ transcriptional activity was indeed stimulated by phosphorylation. Furthermore, the enhancing effect of acetyl phosphate on FixJ-dependentfixK transcription was depressed by 10-fold when phosphorylated FixJ, purified from acetyl phosphate, was incubated with FixLl22 and ATP under aerobic conditions before transcription was assayed (data not shown). Therefore, FixL strongly prevents activation of FixJ transcriptional activity by acetyl phosphate, most probably by dephosphorylating FixJ under aerobic conditions (21) . Twenty percent of FixJ, assuming one phosphorylation site per monomer, was phosphorylated with acetyl phosphate, as measured by scintillation counting experiments. Therefore, phosphorylation stimulates FixJ transcriptional activity by more than 100-fold.
We took advantage of the high yield of RNA transcripts produced in this assay to map the in vitro fixK and nifA transcription start sites by primer extension. The major signals that we observed forfixK ( Interestingly, regulator proteins of the two-component family fall into different subclasses according to the homology in the output module responsible for the activation of transcription (26, 31) . This finding suggests that proteins from different subclasses may use significantly different mechanisms to mediate promoter activation. This has been confirmed at least for the best known NtrC and OmpR subclasses (7) . FixJ and related activators such as UhpA or DegU belong to a third subclass whose mode of action is still unknown. One intriguing property of this subclass of activators is the homology of the transcriptional activator domain, as defined in FixJ, with sigma factors (20) . This finding raises the possibility that these activator proteins share part of the activation pathway with sigma factors. The availability of an in vitro transcription assay for phosphorylated FixJ now allows us to address this question.
After completion of this work, Agron et al. (1) (Fig. 3A) . Likewise, we have synthesized 32P-labeled acetyl phosphate in order to demonstrate phosphorylation of FixJ from this lowmolecular-weight phosphate donor and correlate FixJ phosphorylation and transcriptional activity (Fig. 4A and B) . It prominent (21) . Contrary to Agron et al., we did not observe a promoting effect of FixL upon FixJ transcriptional activity under aerobic conditions. A possible explanation for this discrepancy is that there might be a tighter control of FixJ phosphorylation in response to oxygen under our assay conditions. Lastly, we provide evidence that sigma 70 is required for FixJ-dependent transcription and that the same transcription start sites were used in vivo and in vitro.
